Free fatty acids (FFAs) are rapidly mobilized by ACTH and have been shown to be potent endogenous modulators of steroid-protein interactions. We increased FFA in lagomorphs by ACTH and then separated the transient increase in glucocorticoid binding capacity of plasma into that accounted for by changes in binding to albumin and to corticosteroid-binding globulin (CBG). Sequential injections of dexamethasone and ACTH into both snowshoe hares and laboratory rabbits resulted in the rapid mobilization of FFA only after the ACTH injection. The maximum corticosteroid binding capacity increase paralleled that of the FFA increase in both species. In rabbits, CBG levels remained constant over the duration of the experiment. Corticosterone binding by rabbit albumin increased in a dose-dependent fashion in response to increases in FFA (oleic and linoleic acid) concentrations. Finally, by stimulating FFA release in snowshoe hares with ACTH and separating the increase in corticosteroid binding capacity through selective denaturing of CBG by heat, we determined that the increase in plasma binding capacity was a response to changes in binding by albumin, not CBG. Thus FFA released in response to stressors in lagomorphs may effect short-term increases in steroid binding.
Introduction
The stress response is critical in permitting mammals to respond adaptively to potentially harmful environmental challenges. Acting through the hypothalamic-pituitaryadrenocortical feedback system, a stressor causes the rapid mobilization of adrenal corticosteroids (CORT) (Munck et al. 1984) . The availability of circulating corticosteroids for target tissues is mediated by serum corticosteroidbinding globulin (CBG), which acts as the carrier protein for CORT. When bound to CBG, CORT is biologically inactive (Siiteri et al. 1982) and, under basal conditions, 90-95% of plasma CORT is bound to CBG. Though CBG levels are known to show long-term (after 24 h or more) declines in response to stressors (Fleshner et al. 1995) , CBG levels are thought to have little capacity for rapid short-term changes. Thus, in response to a stressor, the rapid release of CORT apparently results in a major transitory pulse of free CORT as the binding capacity of CBG is swamped (Westphal 1971 , Dallman et al. 1989 .
Two recent reports call into question the short-term stability of the binding capacity of CBG. First, rapid increases in plasma free fatty acids (FFA) caused by heparin-induced lipolysis resulted in a 2-to 3-fold increase in corticosterone binding to CBG in rats (Haourigui et al. 1993) . This increase was the result of conformational changes in the CBG molecule, causing an increase in the apparent number of binding sites, though not in the affinity constant. The increased binding lasted approximately 2 h. Thus, presumably, any endogenous component causing the rapid mobilization of FFA should have similar effects on CBG. Second, in wild snowshoe hares (Lepus americanus) (a member of the lagomorph family) the injection of adrenocorticotropic hormone (ACTH), but not dexamethasone (DEX), resulted in a rapid increase in the maximum corticosteroid binding capacity (MCBC) of plasma to about 1·4 times that of baseline values and this effect also lasted for about 2 h (Boonstra & Singleton 1993) . ACTH is known to be a potent lipolytic hormone (Boston & Cone 1996) , especially in the rabbit (also a lagomorph) (Rudman & DiGirolamo 1967 , Desbals et al. 1970 . Thus, we hypothesize that ACTH causes the rapid mobilization of FFA in lagomorphs which then results in the short-term increase in the binding capacity of CBG.
We examined this hypothesis with four experiments. First, since we initially observed a rapid change in MCBC in snowshoe hares following an injection of synthetic ACTH (Boonstra & Singleton 1993) , we tested whether these rapid changes in MCBC were correlated with similar rapid changes in FFA in a new sample of hares caught in 1992. Second, we tested whether similar changes occurred in MCBC and FFA levels in laboratory rabbits and whether CBG levels remained constant. Third, since albumin is the most abundant protein in plasma and the major carrier of FFA (Peters 1996) , and since FFAs are known to enhance the binding of a variety of steroids by albumin (Ryan & Chopra 1976 , Soltys & Hsia 1977 , we assessed how corticosteroid binding by rabbit albumin is affected in vitro by changes in FFA levels. Fourth, to assess the relative importance of FFA on albumin and on CBG in affecting changes in the maximum binding capacity of plasma for cortisol in snowshoe hares, we partitioned the effect of FFA on these two blood proteins by selectively denaturing CBG (Sandberg et al. 1966 , Westphal 1970 ).
Materials and Methods

Chemicals
Corticosterone, cortisol, rabbit albumin, oleic acid and linoleic acid were all purchased from Sigma Chemicals Co. (St Louis, MO, USA). [1,2,6,7- 3 H]cortisol and [1, 2, 6, H]corticosterone were purchased from Amersham Canada (Mississauga, Ontario, Canada). DEX sodium phosphate was purchased from Sabex (Montreal, Canada) and ACTH was purchased as Synacthen Depot from CIBA (Ontario, Canada). All reagents used in the RIAs were of analytical grade and redistilled prior to use.
Animals and plasma protocol
The snowshoe hares for experiments 1 and 4 were obtained in the southern Yukon along the Alaska Highway near the Arctic Institute Base at Kluane Lake. Hare populations typically fluctuate over a 10-year cycle throughout the boreal forests of North America (Krebs et al. 1995) . Hares were live-trapped and handled as described by Boonstra & Singleton (1993) . In 1992 (experiment 1), hares were obtained from 16-26 February and in 1996 (experiment 4), hares were obtained on 7 May. Briefly, live-traps were set in the forest along the highway at 2200-2400 h, hares were removed from the traps by 0600 h, transferred to burlap bags, taken to a field laboratory, and allowed to habituate for 3 h before the experiment started. In the 1992 sample, because hares were in the second year of the population decline (Krebs et al. 1995 ) and were very rare, we were forced to use both sexes (three males and six females). Results from both sexes were combined as we found no statistical difference between them (see below). In 1996 hares were in the increase phase and abundant and we used only males.
Adult male New Zealand White rabbits (n=8; 5 months old) were used in experiment 2. They were housed in individual cages (40 60 80 cm), maintained under a 12 h light, 12 darkness photoperiod (lights on 0700-1900 h). Colony temperature was maintained at 20 C and rabbits had free access to water and rabbit chow. Care and use of the animals were in accordance with the Canadian Council of Animal Care and protocols were approved by the University of Toronto Animal Care Committee.
Injection protocol
Snowshoe hares The same general protocol as in Boonstra & Singleton (1993) was followed. In 1992, each hare was bled five times from an ear artery. Blood from the first sample (called the BASE bleed, 0·5 ml) was used to obtain baseline estimates of blood parameters. This was immediately followed with an injection of 0·4 mg/kg of DEX into an ear vein. The second bleed (called the DEX bleed, 0·3 ml) occurred 2 h later, followed immediately by an intramuscular injection in the thigh of 4 IU of synthetic ACTH. The remaining bleeds (all 0·3 ml) were conducted at 30, 60, and 240 min after ACTH injection (called the P30, P60, and P240 bleeds respectively). In 1996, since we knew that DEX had no effect on FFA levels, hares were only injected with ACTH following the BASE bleed and bled 30, 60, and 120 min later.
Laboratory rabbits Each rabbit was bled five times from an ear artery. Blood from the first sample (called the BASE bleed, 0·5 ml) was used to obtain baseline estimates of blood parameters and sampling was performed between 0730 and 0800 h. This was immediately followed with an injection of 0·4 mg/kg of DEX into an ear vein. The second bleed (called the DEX bleed, 0·3 ml) occurred 2 h later, followed immediately by an intramuscular injection in the thigh of 4 IU of synthetic ACTH. The remaining bleeds (all 0·3 ml) were obtained at 30, 60, and 120 min after ACTH injection (called the P30, P60, and P120 bleeds respectively). During the period of the bleeds, animals were prevented from eating and drinking.
Hormone assays
Cortisol assay Since the main glucocorticoid in hares is cortisol, we measured total plasma cortisol by RIA (Boonstra & Singleton 1993) , using antibody A-155 obtained from Western Chemical (Fort Collins, CO, USA) (1·4% cross-reaction to corticosterone). The intra-and interassay coefficients of variation for cortisol were 10 and 16% respectively. To calculate the concentrations of free cortisol we used the calculation procedures outlined by Tait & Burstein (1964) and for these calculations we needed the albumin concentration in plasma, the ratio of albumin-bound to free cortisol, and the affinity constant of CBG for cortisol. Pure albumin was obtained through a trichloroacetic acid method (Michael 1962) . This albumin was then used as a standard to calculate the concentration of albumin in plasma by a chromographic method (Debro et al. 1957) . We calculated that hares have 3·93 g albumin per 100 ml plasma. The ratio of albumin-bound to free cortisol in a 1% solution is 0·39. The CBG affinity constant for snowshoe hares was measured in a microdialysis system (Englund et al. 1969 ) modified to 12 chambers (A J Bradley, personal communication) using 60 µl samples of plasma diluted 1:5 with a phospho-saline buffer (0·05 M, pH 7·4). In this system, equilibrium was established in 12 h at 37 C, following which the specific activities of dialysate and sac contents were measured in a scintillation counter. The concentration of CBG-bound and unbound cortisol was calculated by the method described in Paterson & Hills (1967) and the CBG affinity constant calculated by Scatchard analysis (Scatchard 1949) . We calculated the association constant for the CBG of the snowshoe hare to be 5·05 10 7 l/mol. This is comparable to the estimate obtained for the laboratory rabbit (4·0 10 7 l/mol) (Westphal 1967) .
Corticosterone assay Since rabbits produce primarily corticosterone, but also some cortisol (Slight et al. 1994) , both glucocorticoids were measured, using the method as validated by Boonstra & Singleton (1993) . For corticosterone, antibody B3-163 obtained from Endocrine Sciences (Tarzana, CA, USA) was used as it was highly specific (0·4% cross-reaction to cortisol), and for cortisol antibody A-155 (above) was used. The assay was sensitive to 10 pg/10 µl. Intra-and inter-assay coefficients of variation were less than 5 and 10% respectively.
CBG assay CBG levels were measured by a radioligand method (Hammond & Lahteenmaki 1983) . Briefly, endogenous steroids were removed by treating 10 µl of plasma with dextran coated charcoal (DCC, 0·2% charcoal, 0·02% dextran) at room temperature for 30 min. After centrifuging to remove the DCC, 0·1 ml of diluted serum (final dilution 1:100 or 1:500) was incubated with a saturating solution of [ 3 H]cortisol (1 pmol) without (total binding) or with (non-specific binding) addition of 200 pmol of non-radioactive cortisol for 1 h at room temperature and 15 min in an ice-bath. DCC (at 2 C) was used for removing unbound hormone. The radioactivity of supernatant was counted at 50% efficiency.
MCBC assay
The MCBC of the plasma was measured by a saturation ligand method (McDonald et al. 1981) . Briefly [ 3 H]cortisol, diluted in non-radioactive cortisol to known specific activity 5-to 20-fold in excess of the expected capacity was added to 10 µl plasma (analyzed in duplicate). We allowed for the contribution of the endogenous corticosteroids in the sample. The high-affinity fraction, diluted in 0·5 ml phosphate buffer, was measured by liquid scintillation after separation from the free-and albumin-bound fractions with DCC at 4 C for 10 min. The high-affinity-bound corticosteroid was then calculated knowing the specific activity and the radioactivity in the bound fraction.
FFA analysis
Total FFAs were measured by the method of Laurell & Tibbling (1967) . To obtain adequate levels of FFA, 50 µl of plasma were extracted.
Effect of FFA on albumin binding of corticosterone
Rabbit albumin was made up at a concentration of 40 mg/5 ml in phosphate buffer, pH 7·4. Oleic acid and linoleic acid were each made up in chloroform at a concentration of 10 mM and 5, 10, and 20 µl were dried down in duplicate test tubes. Fifty microliters of the albumin solution and 450 µl of buffer (containing 10 ng of cold corticosterone and 10 000 counts of 3 H[corticosterone]) were added. Tubes were vortexed, incubated at 37 C for 15 min, vortexed again, and incubated overnight at 4 C. Next morning, tubes were transferred to an ice bath and 200 µl of DCC added. After 10 min, tubes were centrifuged at 2000 g, and 500 µl of supernatant counted.
Effect of FFA on plasma CBG and albumin
To determine the relative contribution of CBG and of albumin to an increase in MCBC in plasma when FFA was stimulated, we challenged a sample of wild snowshoe hares with an ACTH test as above. For each plasma specimen, one duplicate set of 10 µl samples was analyzed as above to assess total MCBC and a second set was heated to 60 C in a water bath for 30 min and then analyzed as above. The latter treatment will denature the CBG (Sandberg et al. 1966 , Westphal 1970 ) but leave albumin unaffected (Peters 1996) , thus giving us only the binding to albumin. By subtracting the albumin-bound cortisol from the total binding capacity of the plasma, we calculated that bound only to CBG.
Statistical analysis
A repeated measures ANOVA was carried on the data from the hares and rabbits challenged with the hormones. Cochran's test (Winer 1971 ) was used to test for homogeneity of variance. We found that the data satisfied this criterion and hence we did not transform it. All ANOVAs were performed using SuperANOVA (Gagnon et al. 1990) . In a repeated measures design, the values recorded from the same animal will be correlated with each other and thus are not independent as assumed by ANOVA. To compensate for this, we used the conservative GreenhouseGeisser epsilon to adjust the degrees of freedom before calculating the probabilities (Keppel 1982) . We used the Tukey-Kramer multiple comparison post-hoc test to examine the significance of main effects. Data are expressed as means ...
Results
Effect of changes in FFA levels in snowshoe hares
We first tested to see whether there were significant differences between males and females in any of the variables we examined or whether there was an interaction effect between sex and time and found none (free cortisol, main effect F=1·88, d. Figure 1 ( indicates that DEX caused a marked decline in cortisol levels to values approaching zero but it had no effect on either MCBC or FFA levels. However, within 30 min of injecting ACTH, levels of all variables increased dramatically. Free cortisol levels rose to 3·8 times baseline levels at P30 and increased even further thereafter, reaching 5·3 times baseline levels by P240. In contrast, MCBC levels rose to 2·2 times baseline levels at P30, but declined by P240 back to baseline levels. FFA levels showed a similar response, increasing to 6·4 times baseline levels at P30 and declining by P240 to 2·3 times baseline levels.
To assess the strength of the relationship between changes in FFA and changes in MCBC, we calculated the r 2 for all the points combined, but rather than using the total number of data points for the calculation of the correct number of degrees of freedom (i.e. 45 because each animal contributed 5 points and thus these points were not independent), we used the number of animals in the experiment as an extremely conservative estimate for the calculation of the correct degrees of freedom. The r 2 for the relationship between FFA and MCBC was 0·62 (t=8·42, d.f. 7, P<0·0005). Thus variation in FFA levels explained much of the variation in MCBC levels.
Effect of changes in FFA levels in laboratory rabbits
Corticosteroid levels were low at the BASE bleed (corticosterone, 11·7 2·3 nmol/l; cortisol, 1·4 0·3), showed little response to DEX, and then rapidly increased after the ACTH injection (corticosterone, F=98·38, d.f. 4,28, P<0·0001; cortisol, F=98·45, d.f. 4,28, P<0·0001) (Fig.  2) . Maximum corticosterone levels occurred at P120 (315·0 28·8 mmol/l) and were about 27 times those of BASE values. Maximum cortisol levels occurred at P60 (28·2 1·5 mmol/l) and were about 20 times those of BASE values.
FFA levels showed no response to the DEX injection, but then rapidly increased following the ACTH injection to reach maximum values at P60 (17 times BASE levels) (F=153·68, d.f. 4,28, P<0·0001) (Fig. 2) . Similarly, MCBC levels showed no response to the DEX injection, but rapidly increased following the ACTH injection to reach maximum values at P60 (1·4 times BASE levels) (F=40·93, d.f. 4,28, P<0·0001) . In contrast, CBG levels were unaffected by either DEX or ACTH injections, showing no significant change with time (F=0·96, d.f. 4,28, P=0·42) . CBG levels at the BASE bleed (259·5 22·9 nmol/l) were about 44% of those calculated for MCBC levels at the BASE bleed (586·1 69·0 nmol/l). To examine the relationship between the changes in FFA levels and the changes in MCBC levels, we calculated the r 2 for all the points combined, and, as above, used the number of animals to estimate the degrees of freedom. The r 2 for the relationship between FFA and MCBC was 0·36 (t=4·63, d.f. 6, P<0·004) and that between FFA and CBG was 0·003 (t=0·35, d.f. 7, P=0·74). Thus variation in FFA levels explained some of the variation in MCBC levels, but none of that in CBG levels.
Effect of FFA levels on steroid binding of albumin
Increasing FFA concentrations led to a direct increase in albumin binding of corticosterone (Fig. 3) . We found significant effects of the kind of FFA (2-way ANOVA: F=6·77, d.f. 1,6, P=0·04, linoleic>oleic) and of FFA concentration (F=63·24, d.f. 2,6, P<0·0001, 5 mM<10 mM<20 mM), but no interaction effect 
Effect of FFA on albumin and CBG in snowshoe hares
When snowshoe hares were injected with ACTH, the levels of free cortisol increased significantly (F=4·42, d.f. 3,9, P<0·05) as in the first experiment. For the purposes of this experiment, we focus on the changes in MCBC. By partitioning the total corticosteroid binding capacity into that accounted for by binding to albumin (heat treated plasma) and to CBG (total MCBC minus albumin-bound) we were able to determine which plasma component was responding to the changes in FFA caused by the ACTH injection (demonstrated in experiments 1 and 2 above). There were significant changes in total binding capacity following the ACTH injection (F=41·97, d.f. 3,9, P<0·0001) and in albumin binding capacity (F=103·92, d.f. 3,9, P<0·0001), but not in CBG binding capacity (F=0·44, d.f. 3,9, P=0·73) . Thus, changes in total binding capacity were a result of changes in albumin binding capacity, not of changes in CBG binding capacity (Fig. 4) .
Discussion
Our study has demonstrated that in hares and in rabbits increases in FFA, released as a consequence of ACTH but not DEX, increase the binding capacity of plasma for glucocorticoids and that this is the result of increased binding by plasma albumin. This evidence is thus consistent with that on testosterone and progesterone in which FFA interactions with plasma albumin affect the binding capacities for these hormones (Westphal 1986 ). Serum albumin is the principal agent for transporting FFA in the blood (Peters 1996) , has about six binding sites for FFA, and binds FFA strongly (association constants for FFA such as stearic, palmitic, and oleic are in the order of 10 7 l/mol). We found no contribution of CBG to the increased corticosteroid binding with increasing FFA levels (Figs 2  and 4) .
Two caveats should be addressed prior to discussing the data. First, since hares and rabbits differ in their major adrenal glucocorticoid (cortisol versus corticosterone respectively), our findings may not be directly comparable.
We needed a laboratory model that could be used under controlled conditions to understand the MCBC changes first reported in snowshoe hares by Boonstra and Singleton (1993) . Ideally we would have liked to have used a laboratory analog of the same genus as hares (Lepus), but to our knowledge, none is available, and thus we elected to go for the domestic laboratory rabbit (Oryctolagus) as the closest related equivalent. In addition, in rabbits adipose tissue is known to be highly sensitive to ACTH (Rudman & DiGirolamo 1967 , Desbals et al. 1970 , but, prior to our work, it was unknown whether a wild relative, hares, would respond in the same fashion, given that it has a different primary adrenal glucocorticoid. However, both species respond in a similar manner to an injection of DEX (no FFA mobilization, no change in MCBC) and of ACTH (rapid FFA mobilization, rapid MCBC increase), which is to be expected given a common evolutionary origin. Why hares use cortisol as their primary adrenal glucocorticoid and rabbits use corticosterone is unknown and may possibly be related to the fact that cortisol is a more potent glucocorticoid and hares tend to have a cursorial life style, especially in escape from predators, and rabbits a more sedentary one, relying on warrens to escape from predators.
Second, the stress that animals experienced independent of our experimental injections may have compromised the interpretation of our results. Snowshoe hares were clearly stressed prior to the start of our treatment. To assess the impact of trapping and handling on the stress response of hares, Boonstra and Singleton (1993) got resting levels of cortisol and MCBC by collecting a sample of hares in 1991 by shooting them. Cortisol levels in the shot hares were about 4 times lower than those in experimentally handled hares at the BASE bleed but MCBC levels were similar. Thus the stress of handling was either insufficient to elicit an MCBC response (via an FFA increase) or more likely, the response occurred, and FFA levels had returned to approximate resting levels by the time the first bleed occurred (as they did 4 h (P240) after the ACTH injection, Fig. 1 ). Thus we do not think the stress of handling compromised our results, as hares responded to both DEX and ACTH as expected and retained a tremendous capacity to mobilize both cortisol and FFA and to increase MCBC levels given an artificial ACTH challenge. Rabbits in our experiments may also have been stressed because we did not allow them to feed during the 4 h of the experiment. This indeed may have been a complicating factor and we did not control for it, though we think its significance is minor relative to the size of the effect we observed (no increase in FFA for the first 2 h after the DEX injection; a 13-fold increase in FFA 30 min after the ACTH injection). In contrast, in an experiment by Edson et al. (1975) , fasting female rabbits for 48 h resulted in only a 2-fold increase in FFA levels. Thus we think the length of the fasting our rabbits experienced was too short to have had a significant impact on our results.
In rats the corticosteroid binding capacity of plasma was found to increase following an increase in FFA levels (Haourigui et al. 1993 ) (induced by lipolysis as a result of a heparin injection), but this was attributed entirely to conformational changes in the CBG molecule induced by FFA (unsaturated acids only). The evidence they (Haourigui et al. 1993) presented is, in general, convincing, but they did not exclude the potential role of albumin. In addition, it is possible that mechanisms other than those they propose may explain part of their results. Specifically, from their in vivo studies on control and heparin treated rats (FFA enhanced plasma), they were not able to detect a difference either in the electrophoretic mobility of CBG or in the immunoreactivity of the CBG, whereas from their in vitro studies marked effects of FFA were found. However, in vitro, they used highly purified samples of CBG, whereas in vivo, albumin would be present in much higher concentrations than CBG (approximately 0·5-0·6 mM). It is possible that in vivo almost all plasma FFA is bound to albumin and thus unavailable for interaction with CBG, whereas in a purified situation (i.e. in vitro) when albumin was not present, all the FFA interacts with CBG. This may account for the inconsistency in results between in vivo (plasma) and in vitro (pure CBG) responses to FFA (Haourigui et al. 1993) .
Thus, our data clearly indicate that the in vivo response of plasma to FFA in lagomorphs in terms of corticosteroid binding was entirely due to albumin (Fig. 4) . However, the physiological significance of the changes in corticosteroid binding capacity of plasma may be independent of whether albumin or CBG is the main site for the action of FFA. What may be critical is how much of the total circulating hormone is free (bioactive) versus how much is bound (unavailable for target tissues) (Sitteri et al. 1982) , with the bound fraction being both CBG-bound and albumin-bound. Thus any method to measure the glucocorticoid binding capacity of CBG which either reduces the FFA present in the plasma sample (pretreatment of plasma at room temperature with DCC will strip over 50% of the FFA from the plasma (R Boonstra & A A Tinnikov, unpublished observations, see also Chen 1967)) or which may ignore the influences of FFA entirely by measuring the absolute amount of CBG present (such as antibody assessment of CBG levels), is likely to miss the rapid, short-term plasma changes in MCBC induced by an FFA surge.
The effect of ACTH stimulation on FFA mobilization may represent a mechanism of metabolic homeostasis. FFAs are a major fuel during prolonged physical activity, especially in the absence of food intake (Felber & Golay 1995) . Though glucocorticoids are known to mobilize FFA in some mammals (Rudman & DiGirolamo 1967) , DEX had no effect on FFA levels in either hares (Fig. 1) or rabbits (Fig. 2) . Thus, in lagomorphs the absence of glucocorticoid lipolytic activity may be counterbalanced by the great sensitivity of adipose tissue to ACTH. Since ACTH is under negative feedback control by glucocorticoids, reducing the amount of free glucocorticoids through increased plasma binding (an effect of FFA) would aid in maintaining ACTH secretion and in maintaining lipolysis for a longer period. It remains to be established whether increased corticosteroid binding by FFA-enriched albumin affects the bioavailability to target tissues and thus the efficacy of steroid action.
